Chapter 1

The Study of Thin Films

by Electrochemical Impedance
Spectroscopy

H. Cesiulis, N. Tsyntsaru, A. Ramanavicius and G. Ragoisha

Abstract The capabilities and advantages of electrochemical impedance spec-
troscopy (EIS) as a useful and non-destructive technique are discussed. EIS pro-
vides the time dependent quantitative information about the electrode processes.
The description of EIS is given in comprehensive way beginning from the theo-
retical basics of EIS and data interpretation in the frames of various equivalent
electric circuits. The practical applications of EIS are described for the following
thin film types: (i) cathodic metals/alloys films deposition; (ii) anodization of metals
and characterization of oxide films and its growth by EIS including information
provided by Mott-Schottky plots; (iii) underpotential deposition of metals;
(iv) characterization of organic films onto metals; (v) application in development of
biosensors and biofuel cells. The original data of EIS on cathodic electrodeposition
of Co and Co-W are provided and reduction mechanisms involving adsorbed
intermediates are discussed. The advantages of EIS in the oxide films characteri-
zation and their electrochemical properties are shown. EIS can be successfully
applied for the characterization of biosensing surfaces and/or in evaluation of
bioanalytical signals generated by biosensors. The glucose oxidase (GOx) based
biosensor could be successfully analyzed by merged scanning electrochemical
microscopy (SECM) and EIS techniques. Such combining study by SECM and EIS
could be very attractive in order to evaluate the biofuel cell efficiency and in the
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modeling of biosensor action, because it is unavailable to obtain by other conve-
nient electrochemical methods.

1.1 Introduction

Electrochemical impedance spectroscopy is a recent and powerful tool in corrosion
and solid-state laboratories. Electrochemical Impedance Spectroscopy (EIS) also is
called AC Impedance or just Impedance Spectroscopy. The usefulness of impe-
dance spectroscopy lies in the ability to distinguish the dielectric and electric
properties of individual contributions of components under investigation.
Impedance spectroscopy is a non-destructive technique and so can provide time
dependent quantitative and time-dependant information about the electrode pro-
cesses and complex interfaces, extract some characteristics of materials including
high resistance materials (e.g. paintings, oxide coatings). There are number of
books devoted to the theory, terminology and definitions, and experimental setup of
EIS in details, and some of them we recommend for young researchers [1-6]. The
aim of this review is to provide information for users about variety of thin films
study by EIS in view of general principles of the method.

1.2 Basics of EIS

The electrochemical impedance method consists in measuring the response of an
electrode to a sinusoidal potential modulation at different frequencies. Often these
ac modulations are superimposed either onto applied anodic or cathodic potential,
or onto open circuit potential. The mathematical approach of electrochemical
impedance data is based on the Ohm’s law, i.e. on the linear interdependency
between potential perturbation and current response or vice versa. However, the
potential-current dependencies of electrochemical systems in general are non-linear.
On the other hand, it is possible to extract a small fraction of this dependence,
where the mentioned dependence can be approximated as linear, e.g. in the range of
5-10 mV. Therefore, the measurements of impedance are performed under sinu-
soidal potential modulation with amplitude 5-10 mV. The sinusoidal perturbations
of potential E(f) induces a sinusoidal current I(f) of the same frequency ()
superimposed onto the steady state current with the phase shift ¢ with the respect to
the potential. As for physical electric circuits, the electrochemical impedance of
electrode reaction (Z) is defined analogous to Ohm’s law as:

_E(r)  |E|sin(wr) sin(wr)
Z() O |Io|s(;n(mt— ) =% sin(wt — ) (L1.1)
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here: E, and I, is amplitude of potential and current, respectively, ® = 2xf is the
radial frequency in rad/s (f is a frequency expressed in Hz).

Here we follow methodology of the description of EIS basic conception pro-
vided in [7]. In polar coordinates these functions are represented by vectors of
length |Ey| and |[y| rotating counter clockwise at the radial frequency m. These
functions are most easily described by using complex numbers. With the mathe-
matical identity,

exp(jx) = cosx+jsinx (1.2)

it is obtained
E(t) = |Eo| exp(jor) (1.3)
1(1) = [lo| exp(jor — j¢) (1.4)

here j is a complex unit j = v/ —1.
Thus, (1.1) can be rewritten to define the electrochemical impedance as a sum of
real (Zg.) and imaginary parts (Zy,,,) at certain :

Z(w) = |Zo| exp(jd) = |Zo|(cos ¢ +jsin @) = |Zo| cos @+ Zo] sin ¢ = Zge + jZim

(1.5)

Note, that in the electrochemical literature real and imaginary parts of electro-
chemical impedance often are marked as Z' and Z", respectively.

Using theory of complex functions the modulus of impedance, tan¢, and ¢ are
expressed by a following equations:

Z(0)] = \/ Ze + Zit, (1.6)

ZIm

tan ¢ = — 1.7

T (1.7
Zim

¢ = arctan — (1.8)
ZRe

One popular format for evaluating electrochemical impedance data, consists on
plotting the imaginary impedance component (Z") against the real impedance
component (Z') at each excitation frequency the Nyquist plot. This format is also
known as a Cole-Cole plot or a complex impedance plane plot. The Nyquist plot
has several advantages. The primary one is that the plot format makes it easy to see
the effects of the ohmic (uncompensated) resistance (see the text below). If data are
taken at sufficiently high frequencies, it is easy to extrapolate the obtained curve
toward the left, down to the x axis to read the ohmic resistance. The shape of the
curve (often a semicircle) does not change when the ohmic resistance changes.
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Another advantage of this plot format is that it emphasizes circuit components that
are in series. The Nyquist plot format also has some disadvantages. For example,
frequency does not appear explicitly. Secondly, although the ohmic resistance and
polarization (charge transfer) resistance can be easily read directly from the Nyquist
plot, the electrode capacitance can be calculated only after the frequency infor-
mation is known.

Another format for evaluating electrochemical impedance data known as Bode
plots, and consists of the plotting |Z(w)| and ¢ versus logm, i.e. lets to examine
these values as a function of frequency. The Bode plot has some distinct advantages
over the Nyquist plot. Since frequency appears as one of the axes, it is easy to
understand from the plot how the impedance depends on the frequency. The plot
uses the logarithm of frequency to allow a very wide frequency range to be plotted
on one graph, but with each decade given equal weight. The Bode plot also shows
the magnitude (|Z|) on a log axis so that you can easily plot wide impedance ranges
on the same set of axes. This can be an advantage when the impedance depends
strongly on the frequency, as is the case with a capacitor (see text below). The Bode
plot is a useful alternative to the Nyquist plot. It lets you avoid the longer mea-
surement times associated with low frequency determinations of polarization
resistance, because the log |Z| versus log ® plot sometimes allows a more effective
extrapolation of data from higher frequencies. The Bode plot also has some dis-
advantages. The greatest one is that the shape of the curves can change if the circuit
values change, e.g. uncompensated resistance.

Therefore, usually EIS are analyzed both Nyquist and Bode plots. EIS data is
commonly analyzed by fitting it to an equivalent electrical circuit model consisting
of passive elements that do not generate current or potential such as resistors (R),
capacitors (C), and inductors (L). To be useful, the elements in the model should
have a physical meaning in the physical electrochemistry of the system. As an
example, most models contain a resistor that models the cell’s solution resistance.

The alternating current response of circuit elements are following. A sinusoidal
voltage applied to an ohmic resistance induces as alternating current that is in phase
with applied voltage, and the impedance of ohmic circuit element is therefore equal
to its resistance R:

CE()  |Eolsin(wr)
% =10 = Ti]sinfo) ~ ¥ (1.9

Notice that the impedance of a resistor is independent of frequency and has no

imaginary component.
The impedance of a capacitor can be calculated based on the relation:

I(1) = c=~ (1.10)

that yields to the expression of capacitance impedance, it’s modulus and phase shift:
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Zp = ——— 1.11

e (1.11)
1 b

Z| = — = —— 1.12

Zl=—= o=-3 (1.12)

A capacitor’s impedance decreases as the frequency is raised. Capacitors also
have only an imaginary impedance component. As follows from the detailed
derivation of (1.11), the current through a capacitor is phase shifted by 90° with
respect to the voltage.

For the inductance, it can be written:

E(t) :L% (1.13)

that yields to the expression of inductance impedance, it’s modulus and phase shift:
Z; = joL (1.14)

1Z)| = oL ¢:g (1.15)

The impedance of an inductor increases as frequency increases. Inductors have
only an imaginary impedance component. As a result, the current through an
inductor is phase-shifted by —90° with respect to the voltage.

The interpretation of EIS data is built upon reaction model (or equivalent circuit)
consisting on passive elements connected in some order. Regardless the variety of
electrode processes (deposition and corrosion of metals, electroreduction of ions,
oxide film formation, adsorption phenomena, and etc.) they contain the similar
stages and comprises similar processes such as formation of double electric layer,
the presence of ohmic resistance, charge transfer resistance of electrochemical
reaction, adsorbed layers formed by intermediates of complex electrochemical
reactions either by protective films, diffusion (transport phenomena) in solutions
and in the organic or polymeric films, and etc. Therefore, the same equivalent
circuits but with some different physical meaning of passive elements can simulate
different processes occurred on the electrode. With the equations of the model it is
then possible to calculate the electrochemical impedance as a function of frequency
and check conformity experimental data to theoretical model using commercial
software, for example ZVIEW® or Autolab® with frequency response analyzer
(FRA).

Notably, the reactions occurring consequently are modeling by elements or
circuits connected in series, whereas simultaneously occurring processes are
modeling by elements or circuits connected in parallel. Mostly used equivalent
circuit describing electrode processes are provided in Fig. 1.1. The simplest
equivalent circuit can model the electrical behavior of electrode-solution interface is
shown in Fig. 1.1a. In this case R; simulates ohmic resistance (solution, wires and
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Equivalent circuit Nyquist plot Bode plot
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Fig. 1.1 Often used equivalent circuits to describe electrode processes, typical shapes of Nyquist
and Bode plots of ones. For details, see the text
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other uncompensated resistances), C; simulates the capacity of double electric layer
which is charged simultaneously with the occurring electrochemical reaction; the
charge transfer resistance (R,) of one is simulated by R,. The Nyquist plot repre-
sents a semi-circle of radius R,/2 whose center is located on the real axis at the
distance R; + 2R, from the origin.

The physical interpretation of the distributed elements in an equivalent circuit
modeling solid electrodes is somewhat more complicated than predicted by this
model. They are, however, essential in understanding and interpreting most
impedance spectra. There are two types of distributions which we need to concern.
Both are related, but in different ways, to the finite spatial extension of any real
system. The first one is associated directly with nonlocal processes, such as dif-
fusion, which can occur even in a completely homogeneous material, one whose
physical properties, such as charge mobilities, are the same everywhere. The other
type, exemplified by the constant-phase element (CPE), arises because microscopic
material properties are themselves often distributed. For example, the solid elec-
trode—solid electrolyte interface on the microscopic level is not the often presumed
smooth and uniform surface. It contains a large number of surface defects such as
kinks, jags, and ledges, local charge inhomogeneities, two- and three-phase regions,
adsorbed species, and variations in composition and stoichiometry. Reaction
resistance and capacitance contributions differ with electrode position and vary over
a certain range around a mean, but only their average effects over the entire elec-
trode surface can be observed. The macroscopic impedance, which depends, for
example, on the reaction rate distribution across such an interface is measured as an
average over the entire electrode [3]. Consequently, in the Nyqist plot the semicircle
becomes flattened (Fig. 1.1b). To account for this effect, it has become current
practice, especially in corrosion science and engineering, to replace the double layer
capacitance (and other capacitances) in the equivalent circuits by a constant phase
element (CPE). The impedance of constant CPE is given by:

Z(®) = —(jo) ™" (1.16)

1
0
here 0 < n < 1, and Q is a constant.

The case n = 1 recovers a perfect capacitor.

If electrochemical impedance measurements are performed under reversible
potential it is possible to calculate apparent value of exchange current density, i,
and rate of constant of electrochemical reaction, k, from the charge transfer resis-
tance extracted from the EIS data. If one takes Butler-Volmer equation under the
reversible condition, i.e. that in which the overpotential, 1, tends to zero, then [8]
oi 1 F

=—=1iy— (1.17)
on R, RT
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The relation of the exchange current density to the rate constant at equilibrium is
i() = ZFXk()C,‘ (118)

here y is the thickness of the reaction ion layer

On some electrochemical processes, there is more than one rate-determining
step. Each step represents a system impedance component and contributes to the
overall reaction rate constant. The electrochemical impedance experiment can often
distinguish among these steps and provide information on their respective rates or
relaxation times. In such cases, the equivalent circuit contains more elements. For
example, if electrochemical reaction involves intermediate stage with one adsorption
of reacting intermediate, the equivalent circuit for this case is shown in Fig. 1.1c. The
physical meanings for Ry, C;, and R, are the same as in Fig. 1.1a, b. The elements C,
and Rj represent capacitance and resistor of adsorbed layer, respectively. However,
this equivalent circuit describes also other processes, such as the presence of
non-conductive films (lubricants, paints etc.), therefore passive elements have other
physical meanings, and they are noted in the corresponding chapters below.

In fact, the analysis provided in [5] shows that in the simple case of one adsorbed
intermediate various complex plane plots may be obtained, depending on the rel-
ative values of the system parameters. These plots are described by various
equivalent circuits, which are only the electrical representations of the interfacial
phenomena. In fact, there are no real capacitances, inductances or resistances in the
circuit (faradaic process). These parameters originate from the behavior of the
kinetic equations and they are functions of the rate constants, transfer coefficients,
potential, diffusion coefficients, concentrations, etc. Besides, all these parameters
are highly nonlinear, that is they depend on the electrode potential. It seems that the
electrical representation of the faradaic impedance, however useful it may sound, is
not necessary in the description of the system. The system may be described in a
simpler way directly by the equations describing impedances or admittances.

When transport phenomena play a role, the faradaic impedance can be separated
into two terms, the kinetic impedance (Z,) and the diffusion impedance (Z;), and
Zr =7+ 7Zy.

Z, represents impedance in the absence of concentration overpotential. In some
simple cases it can be represented by charge transfer resistance (see Fig. 1.1a), in
more complicated cases it may include several circuit elements, e.g. impedance of
consequently occurring charge transfer reactions (Fig. 1.1c). Z; describes the
contribution of concentration overpotential to the faradaic impedance, and therefore
depends on transport phenomena in the solution. In the absence of convection, it is
referred as Warburg impedance Zy. The Warburg impedance is equal to:

Zy (1.19)

. (e} . O

~ Vo Ve

B RT
Cyn?F2A\/2D
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As follows from (1.19):

ZIm
an ¢ Z ( )

Re

Therefore, the phase shift is equal to ¢ = —45°, and in the Nyquist plot the Warburg
impedance is represented by a straight line at 45° angle. If charge transfer is repre-
sented only by one resistance (R, = R2), the total impedance of the electrode corre-
sponds to that of the Randles equivalent circuit, as it is shown in Fig. 1.1e. In this figure
Nyquist diagram consists of two distinct domains: at high frequency, a semicircle
shows that the transfer resistance determines the impedance, while at low frequencies
diffusion dominates and Warburg impedance is observed. However, in some cases,
the kinetics of electrode processes is more complicated [9], because of the adsorption
of intermediates and components of solutions (e.g. ligands) coupled with charge
transfer and diffusion processes. Therefore, it is impossible to distinguish frequencies
ranges at those the kinetics or mass transfer controls electrode processes based on the
experimental EIS data (some of these were published for ex. in [10, 11]).

Analysis of the ac impedance spectra in the presence of specific adsorption
revealed that the complex plane show formation of deformed semicircles, that
might be described by introducing into equivalent circuit CPE. Authors [12] pro-
posed an electrical equivalent model, in which instead of the CPE there is a
double-layer capacitance in parallel with a series connection of the adsorption
resistance and capacitance, R,q and C,q (R3 and C2 in Fig. 1.1f), and the
semi-infinite Warburg impedance (W) connected with the diffusion of adsorbing
species. This equivalent circuit allows describing various shapes of Nyquist plots,
such as 2 semicircles, depressed one semicircle, and other.

Other more specific equivalent circuits are provided in the corresponding
chapters of this paper below.

The impedance technique is often applied to various electrochemical systems
that were never studied before. The Nyquist and Bode plots obtained often display
shapes that had never been encountered previously. Before starting the analysis and
modeling of the experimental results, it should be confirmed that the impedance
data are valid. There is a general mathematical procedure, which allows for the
verification of the impedance data. It was introduced by Kramers in 1929 and
Kronig, 1926 further developed by Bode in 1945 and later applied to EIS [13]. The
impedance derived is valid provided that the following four criteria are met:
(1) linearity (a system is linear when its response to a sum of individual input signals
is equal to the sum of the individual responses); (ii) causality (the response of the
system must be entirely determined by the applied perturbation, that is the output
depends only on the present and past input values); (iii) stability (a stable system
remains stable unless excited by an external source and it should return to its
original state once the perturbation is removed and the system cannot supply power
to the output irrespective of the input); and (iv) finiteness (the real and imaginary
components of the impedance must be finite-valued over the entire frequency range
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0 < © < 00, i.e. the impedance must tend to a constant real value for ® — 0 and
® — 0. Unfortunately, the Kramers-Kronig transform requires integration over a
range of frequency from zero to infinity. Since no one can measure spectral data
over that range, evaluating the K-K relations via integration always involves
assumptions about the behavior of a spectrum outside the frequency over which it
was measured. The transformation procedure is described in details in for ex. [3-5,
13]. In practice, the Kramer-Kronig transformation is possible to perform using
built in the EIS recording devices corresponding software, e.g. Gamry Echem
Analyst or Autolab® with FRA. When you select Kramers- Kronig on an impe-
dance menu a model of the type is fit to the selected region of the spectrum. If the fit
is poor, you can assume that the data is not transformable and is therefore of poor
quality. There is little point fitting non-Kramers-Kroning compliant data to an
equivalent circuit model.

1.3 EIS Responses During Cathodic Metals and Alloys
Films Deposition

Electrochemical impedance spectroscopy (EIS) responses during electrodeposition
have gained the interest last decades due to possibility to determine several
parameters of the systems e.g. double-layer capacitance, to characterize the elec-
trode processes and to determine the kinetics of the electrochemical systems. The
use of this technique in metals/alloys electrodeposition in the presence of com-
plexes or additives has also high impact since adsorption phenomena strongly
influence the electrochemical impedance [14—18]. One of its advantages is the
possibility of investigation the relaxation of the electrode surface from adsorbed
species and growth of layers. The impedance spectra of the deposition processes of
metals/alloys usually show one or several relaxations (capacitive or inductive)
[19, 20]. Thus, using electrochemical impedance spectroscopy, the electrodeposi-
tion of Co and Co-W were studied by authors in order to compare the differences of
the deposition and codeposition of Co with tungsten and the effect of the pH on
these processes.

The cobalt and cobalt alloys are investigated for their magnetic and corrosion
resistant properties by many groups of researchers, including [21]. The interest in
tungsten and its alloys has been driven by its outstanding properties and multiple
possible applications overviewed by E. Lassner and W.D. Schubert [22] and
recently by N. Tsyntsaru and others [9]. The first commercial Co-W alloy elec-
trodeposition process was reported by Schwartz [23], indicating the role of citrate
species as an important factor to achieve the desirable morphology and structure of
deposits. Complexing is used as a method to approach the electrode potentials of
different metals by reducing the concentration of “free” Me**” ions and increasing
the solubility of Me(II) salts in baths containing OH™, WO,>~ and PO4>~ [24, 25].
Several common electrolytes are known and used for the electrodeposition of
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tungsten alloys with iron-group metals but the number of complexing agents used is
limited (citrates, pyrophosphates [26, 27], tartarates [28, 29], gluconates [30, 31]).
The presence in such electrolytes the species with high molecular weight [32, 33] is
the particular feature of the given systems which influence the mechanism of
electrodeposition.

However, some difficulties to describe the mechanism and kinetics of tungsten
codeposition with iron group metals (Fe, Co, Ni) are related with rare data about the
mechanism and kinetics of pure iron group metal complexes electroreduction and
identification of the electrochemically active complex of metal that participates in
the electrochemical charge transfer reaction in complex solutions. Even in the
“simple” case of cobalt electrodeposition, the process actually is complex and
multistaged, caused by transfer of two electrons for cobalt reduction to metal state
and by the parallel process of hydrogen evolution. This secondary process increases
the pH of the near-electrode layer and induced the formation of CoOH" on elec-
trode surface [34], effect on the kinetics and mechanism of cobalt electrodeposition
[35-38].

As an example, data on Co electrodeposition from various solutions are dis-
cussed below. The polarization curves at the same total Co(II) concentration in the
electrolyte are presented in Fig. 1.2. The differences are caused by the different
ionic content of solution due to the formation of ionic pairs (sulphate electrolyte)
and complexes (citrate electrolyte). However, from the first view, the shape of these
curves is similar to the shapes obtained for the processes of mixed kinetics (charge
transfer and diffusion). In this case the plateau evident on the curves should be
linked to limiting diffusion current. On the other hand, it is not expected such big
differences in diffusion coefficients of various Co(Il) compounds. Moreover, if this
plateau is linked to limiting diffusion current, in accordance with equation
describing the Warburg impedance Zy, shall be equal to infinity when concentration
at the electrode surface (c,, ;) becomes equal to zero in according to (1.19).

Therefore, the whole impedance of electrode process shall become infinitive too.

Fig. 1.2 Polarization of Co
electrode in the various
electrolytes: chlodide:

0,25 mol/l CoCl, + 0.4 mol/l
NaCl + 0.25 mol/l H3BO; pH
6; sulphate: 0.25 mol/l
CoSO4 + 0.5 mol/l

Na,SO4 + 0.65 mol/l H;BOs
pH 6; citrate: 0.25 mol/l
CoCl, + 0.4 mol/l

H;BO5 + 0.4 mol/l
Na3C5H507 pH 6

-i, mAlecm2
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Fig. 1.3 EIS (Nyquist and Bode plots) obtained in the sulphate solution (content as in Fig. 1.2) on
Co and fitting results to the equivalent circuit (Fig. 1.1c) at the potentials: a E = —1.00 V,
bE=-120V

The EIS data obtained in the sulphate electrolyte on Co at the “plateau”
potentials presented in Fig. 1.3 show relatively small values of real and imaginary
parts and spectra fit well to the equivalent circuit containing elements simulating
stage of intermediate adsorbed compound (Fig. 1.1c), probably of CoOH™, similarly
to the case of Ni and Fe electrodeposition [39, 40]. Also, the analogous EIS data
were obtained in [41] for the cases of Ni electrodeposition from chloride, sulphate
and citrate solutions. In addition, this point of view is confirmed by EIS data
obtained also in citrate solutions for Co-Cu alloys electrodeposition [42], where was
shown that the reduction of Cu(Il)-citrate and Co(Il)-citrate is divided into two
steps. The Cu(Il)-citrate and Co(Il)-citrate are first reduced to an intermediate state
and then to Cu® and Co’. Adsorption exists at the surface of the electrode at the
potential of about —1.0 V.

The polarization curve for Co-W electrodeposition and corrected for ohmic drop
are shown in Fig. 1.4. It is similar as for the processes with the ionic mass transfer
determining step.

Fig. 1.4 Polarization curves 10

of Co-W electrodeposition

obtained under natural o

convection and subtracted of g

ohmic drop < 1
0,1t

0,8 0,9 1,0
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The results obtained by us [10] suggest that the process under study is more
complex than the classical process of mixed kinetics (slow charge transfer plus slow
convective diffusion). The first complexity lies in the fact that, due to the complex
formation at pH > 4, the concentration of the electroactive particles significantly
differs from the analytical value; hence, the respective diffusion currents and the
diffusion coefficients that are determined on their basis decrease. The second
complexity is due to the possibility of the formation of intermediates (in the bulk
solution or on the electrode surface) and their reduction is a multistage process that
includes intermediate adsorption and interaction in the adsorption stage. One of the
methods for determining the role of the ionic mass transfer (the diffusion in the
solution) in this process can be electrochemical impedance spectroscopy, which
was applied by us.

The data presented in Fig. 1.5 show that the shape of the impedance spectra does
not imply a slow diffusion stage. The presence of two peaks in the Bode diagram
excludes a single slow stage of charge transfer. Also note that, if in the case of the
deposition of Co-W at pH = 6.7 at low cathode potentials the electrochemical
impedance spectrum is described without separate adsorption component
(Fig. 1.5a), then an increase in the potential leads to an increase in the hydrogen
evolution and hence in the alkalization of the near electrode layer, which results in
the appearance of an adsorption component at potentials above —0.7 V (Fig. 1.5b).

Fig. 1.5 Comparison of the -60001 (a)
experimental electrochemical
impedance spectra for Co and

Co-W obtained from citrate
electrolytes and the results of Z
fitting in Nyquist and Bode -3000
coordinates to the equivalent

circuit shown in Fig. 1.1c
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Meanwhile, at a higher value of the pH (equal to 1.8), electrochemical impe-
dance spectrum is described by the equivalent circuit with separate adsorption at
low and high cathode potentials. The presence of an adsorption complex at high pH
values also plays a fundamental role in the deposition of a simpler system, such as
the electrodeposition of cobalt (Fig. 1.5a).

Thus, these experimental data are adequately described by an equivalent electric
circuit characteristic of the processes that include the adsorption of an intermediate
compound, the double layer capacity and the adsorption capacity are replaced by
the respective constant phase elements. Applied to the electrodeposition of iron
group metals with tungsten/molybdenum the following sequence of reactions can
be attributed to this process:

M@DL + e~ — M(I)Lygs (1.21)
M(I)Lygs +e¢~ — M(s) + L (1.22)
WO?™ + M(IL + 2H,0 +2¢~ — [M(I)LWO,],,, +40H" (1.23)
M(ILWO,],, + 2H,0 + 4¢~ — W(s) + M(II)L +40H" (1.24)

Thus, the equivalent circuit shown in Fig. 1.1c is not the only one describing the
impedance spectrum of a process with the adsorption of an intermediate compound.
Depending on the ratio of the rates of the reactions of the total process (1.21-1.24),
which also depend on the potential, a situation can occur when the resulting phase
shift will correspond to the inductance; that is, so called pseudoinductance will take
place and is modelled by equivalent circuit shown in Fig. 1.1d. In this case the
inductance simulates the situation when the adsorption layer is not constant under
cyclic changes in the low frequency potential [43]. The similar equivalent circuits
are also obtained in [40].

Thus, the data of the impedance measurements show the presence of adsorption
processes in the systems under study and the impedance does not specify the
chemical composition of the adsorbed layer or the number of adsorption stages. It
only shows the presence of a slow adsorption stage that follows from the data.
Regardless of the complexes used for the codeposition of Co and W (individual or
mixed cobalt—tungsten), the reduction of Co(Il) and W(VI) requires a certain
number of electrons (two for cobalt and six for tungsten). The simultaneous transfer
of this number of electrons is hardly probable; therefore, a partially reduced
complex is apparently held on the surface, in particular, by adsorption forces. The
data for the impedance also suggest that the stirring of the electrolyte has an effect
on the state of its surface rather than on the mass transfer from the solution to the
electrode. It follows from the results of [44] that, at pH < 4, the electrochemically
active particles are an aquatic complex of Co®"; therefore, the calculated value of
the diffusion coefficient is “unsual” in this case.

At higher pH values, the electrochemically active particles will be both cobalt
hydroxocomplexes [40, 43] and citrate complexes of cobalt as well as (possibly)
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mixed cobalt—tungsten citrate complexes. As the pH increases, their concentration
changes and the adsorbed citrate complexes undergo a structuring. It is also known
(see, e.g., [45]) that the concentration of the cobalt aquatic complexes in the
solution and the current density of the electrodeposition decrease at pH > 5. The
hydrogen evolution on the electrode favors a local increase in the pH. With the
rotation of the electrode, the local increase in the pH sharply slows down, which
leads to a decrease in the concentration of the adsorbed complexes and an increase
in the electrodeposition current’s density. In a galvanostatic mode, at a constant
current density, this results in an increase in the current efficiency; a lowering of the
electrodeposition potential; and a decrease in the concentration of tungsten in the
coating [46], which, in turn, is one of the causes of changes in its structure [47] and
hence properties [48].

1.4 Anodization of Metals: Characterization of Oxide
Films and Their Growth by EIS

Anodization, because of its nature-friendly properties and low cost, has become a
point of interest in the last century. Anodizing is an electrochemical process which
is performed to form a protective oxide layer on the surface of a metal. Other
methods such as evaporation or plasma enhanced chemical vapor deposition
(PECVD) are known to be used also for oxidation. But among these, advantages of
anodizing make it more attractive. Low cost, more precise thickness control and
easier handling of process can be given as examples to these advantages [49].
Anodization can be used in different fields or for different applications. Protection
of a surface against corrosion, decorative metal finish, architectural and nan-
otechnology applications, electrolytic capacitors, humidity sensors, self-lubricating
systems and aerospace structures can be given as examples [5S0-53].

Anodic film formation of various thickness and structure is mostly applied on
titanium (Ti) and aluminium (Al). However, zinc, magnesium, niobium, tantalum
and iron can also be anodized [52]. For valve metals such as Al, Ti, Ta, or Zr,
anodization has been extensively explored and, by a controlled variation of the
electrochemical parameters used, the thickness, morphology e.g., compact or por-
ous layers or crystal structure of the anodic films can be tailored to achieve the
desired functionality [54]. Either a thick non-porous oxide or a film consisting of
pores in nano-scale can be achieved by anodizing [49].

The porous structure of the anodic layers provides the oxides with absorbent
characteristics which increase their applications. Nevertheless, in those applications
where the oxides are atmospherically exposed, sealing of the anodic layers is
required because porosity decreases the corrosion resistance [55]. The sealing
process achieves an important reduction in the porosity of the anodic layer.
Atmospheric exposure of the oxide produces significant changes in the anodic layer
(due to the autosealing process) increasing the material corrosion resistance
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[56, 57]. The corrosion resistance depends on layer thickness and especially on the
sealing quality, so good quality control on both parameters has maximum signifi-
cance. There are many different experimental evaluation techniques which offer
interesting information, but all of them have their limitations [57]. The application
of electrochemical impedance spectroscopy to the oxide films characterization has
many advantages. The results show that EIS is a powerful tool able to provide tiny
pieces of information on the films electrochemical properties, and not least in which
way atmospheric exposure can modify the anodized samples properties [57-61].
Hoar and Wood [62] were first proposing an impedance bridge to describe oxide
films; they suggested ECs to model unsealed and partially sealed anodized films
[55]. Lorenz and other authors proposed the “passive pit model” (where it is
assumed that pits have penetrated only the outer porous layer without damaging the
barrier layer) and the active pit model (where it is assumed that pits have penetrated
both the porous and barrier layer) [60, 61, 63, 64]. As pointed out by Mansfeld and
Kendig [60], the passive pit model can also be used to interpret the sealing
mechanism.

Electrochemical impedance spectroscopy has been used to characterize oxide
films on titanium surface [65-71]. Thus, in [71] the surface treatment consisted of
an etching followed by an anodising procedure of titanium and sample sealing.
Anodic oxide films were grown electrochemically on titanium surface using
modulated potential, in hydrofluoric acid solution aiming for the production of a
porous film. It is assumed that the oxide film is a two-layer film, consisting of one
inner barrier layer and an outer porous layer The effect of surface etching before
anodising, oxide film sealing is analyzed using the equivalent electrical circuit
proposed by Pan and et al. [65] and Aziz-Kerzzo et al. [67] to simulate EIS data for
an anodic oxide titanium film. This equivalent circuit is similar to shown in
Fig. 1.1c, only in this R1 = Rs, which is electrolyte resistance, C1 = Cp,, which CPE
of porous layer, R2 = Ry, which is porous layer resistance, C2 = C,,, which CPE of
barrier layer and R3 = Ry, which barrier layer resistance.

By evaluating R, value at different anodizing potentials it gives data on the
oxide film formed and namely if the R, value is smaller than the pores produced
should be larger. At the same time, Ti etching procedure before anodizing did not
show any influence on Rpr values, but sealing of the oxide film increased Ry, values
[71]. This fact can be expected because Ry, is associated to the outer porous layer
resistance and sealing closes partially the film pores promoting a better behaviour of
the anodised samples in terms of corrosion resistance. Etching of Ti surface and
oxide film sealing instead increase Ry, values of samples. These facts could be an
indication that the inner layer is also porous. Chemical etching causes a rougher Ti
surface that might improve the barrier characteristic of the inner layer. Sealing in
boiling deionized water converts amorphous Ti oxide into a more stable crystalline
form. Thus, if the inner layer has pores the sealing process can improve the Ry
value, hence increases the inner layer corrosion resistance.

Over the years, fluoride containing electrolytes have been utilized to develop
TiO, nanotubes of varied dimensions [72-74] in order to increase surface area for
various applications. Based on EIS measurements in NaCl solution the presence of
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inner barrier and outer porous TiO, nanotube layer was detected [75]. TiO, nan-
otubes showed two time constants at different frequency ranges and this can be due
to the change in surface morphology and thickness changes with increasing
anodization time. The decrease in phase angles at the high-frequency region may be
related to the porous nature of the outer layer. Nyquist plots for as-formed and
annealed TiO, nanotubes display a semicircle, which indicates near capacitive
response and the presence of two time constants, can also be identified. Surface
anodized for longer duration showed a larger capacitive loop which can be related
to increase in thickness of the oxide layer. At high frequency, semicircles show that
the transfer resistance dominates the impedance and at lower frequencies, Warburg
impedance is observed which is due to diffusion of titanium ions to the porous
layer. It has been reported that upon immersion in bio-fluids, Warburg impedance
tends to decrease at earlier stages and finally it reaches a constant value. This
behavior is due to the increase in the buildup of titanium ions in the electrolyte such
that the diffusion of titanium ions back into the porous layer takes place.

More complex case is present by Suay et al. [55] which by means of electro-
chemical impedance spectra investigated composite process of aluminum porous
anodizing, in the view of the sealing quality and the anodic films changes, and the
ageing process produced by atmospheric exposure, which is important from the
point of view of corrosion reliability of those oxides. To oversee the alumina porous
film properties, it is a need to understand its nature. The hexagonal cells and barrier
layer are made from anhydride alumina with different sulphate ions Al,(SOy4); from
the anodizing bath. On the other hand, the porous layer is full of hydrate alumina
(mono- or trihydrate or a mixture) plus absorbed water [55, 57]. Finally, there is one
last layer (the intermediate layer), which is formed by diffusion from the exterior,
especially in the sealing process, and slowly in atmospheric exposure [76]. Can be
expected that significant changes in the porous layer will appear due to the atmo-
spheric exposure (water absorption and the transformation of anhydride alumina to
hydrate alumina inside the cells), and in the intermediate layer.

In order to fit the EIS experimental results of the anodic aluminum layer mul-
tipart equivalent circuit was proposed (Fig. 1.6). The parameter Ry, represents
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Fig. 1.6 The proposed EC to model the impedance spectra of the sealed anodized aluminium
layer
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electrolyte used, R; simulates the presence of electrolyte in the pores and faults of
the intermediate layer. One of the parallel branches which are present in the circuit
is formed by the resistance R, and the associate capacitance C,,—they represent
the walls of the hexagonal cells with uniform or nearly uniform dielectric proper-
ties. Taking into account that Ry, is usually so high that it prevents the passage of
current, so in equivalent circuit only a capacitance C,,, in this branch is present. The
other branch is formed by the resistance R; of the electrolyte in the pores and
defects of the intermediate layer, in series with the pores as a whole (the pore and
the barrier layers). The electrochemical properties of the pore filling are represented
by R, and C,, while the properties of the barrier layer are represented by Ry, and Cs.

Resistance R, is directly related to the intermediate layer changes as result to
atmospheric exposure. R vary markedly with the extent of sealing and the growing
of the intermediate layer thickness (both processes are closely related and depend
on ageing time) [55]. R; doubles in size for all types of atmospheres when the
samples have been exposed up to 39 months. This change can be due to a better
sealing of pores because hydroxides precipitation increases with exposure time
and/or to an intermediate layer thickness increment. As exposure time increases
precipitate particles start covering the alumina layer surface making cavities dis-
appear and finally forming after years of exposure a homogeneous anodic layer
surface, so anodized and sealed aluminum anticorrosion performance is increased
due to sealing and natural ageing process.

A special case in the view of oxide films characterization by EIS is attributed to
oxides formed on the metal/alloys surfaces. Here, we would like to point out oxides
formed on nickel-based alloys, which are extensively used as component materials
in nuclear power plants or in other aggressive corrosion environments due to its
superior corrosion resistance that is attributed to the passive film formed on alloy
surface. As surface metal oxide films exhibit a capacitive behavior, because of the
dielectric nature of oxide films; therefore, it is convenient to study the structure of
ones by EIS. During study of oxide films formed on the Ni-based superalloys in
NaCl solutions was revealed a complex structure of ones that was reflected in EIS:
there are three capacitance arcs in Bode plots [77]. The interfacial processes in the
solutions were modeled by the equivalent circuit shown in Fig. 1.7. The values of
the circuit element such as the solution resistance (Rs), the porous oxide capaci-
tance (CPE1), the porous resistance (R1), the double layer capacitance (CPE2), the

R, CPE!
A% >
R1 CcPE2
N,
L
R2 CPE3

) —
R3

Fig. 1.7 Equivalent circuit model employed in analysis of electrochemical impedance data of
oxide films
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compact resistance (R2), the compact oxide capacitance (CPE3) and polarization
(the chloride ions transport) resistance (R3) were used to characterize the perfor-
mance of the oxide film in the corrosive environment. Based on the changes in
values of elements the following dynamics of processes was proposed. Diffusion of
ions into micro-pores in the oxide film experienced difficulties because of the large
resistance to charge transfer. Accordingly, the fitted resistance was very large.
Under this condition, the changes of CPE3 with exposure time could be used to
determine water/ions uptake of the oxide film. With increasing the immersion time,
the oxide film capacitance (CPE3) increased, indicating that chloride ions had
penetrated into the oxide film. After then, some interconnected micro-pores were
filled with the electrolyte solution, which enables further measurements of the pores
resistance reasonable.

The close dependence between breakdown of a passive film and its defective
nature has been directly connected with its ionic and electronic conductivity
characteristics [78]. Acquisition of Mott-Schottky plots is a usual way for semi-
conductor materials electrochemical characterisation such as semiconducting
properties of the oxide film, such as the electronic type, the effective donor density
and the flat band potential by measuring the electrode capacitance (C) as a function
of the electrode potential (E). The capacitance as a function of the electrode
potential (E) can be expressed as follows:

1 2 kT
—=—~ _ (—E+Em+— 1.25
C? saOAZqu( Tl q> (125)

here € and ¢ is the dielectric constant of the passive film and permittivity vacuum,
respectively, g is the elementary charge (—e for electron and +e for holes), N, is the
doping density which represents the donor N, or acceptor N, densities for and n- or
p-type semiconductor; g is the elementary charge (—e for electron and +e for holes),
k is the Boltzmann constant; Erp is the flat band potential; A is area of electrode.

Therefore, a plot of 1/C* against applied potential E should yield a straight line
from which Ep can be determined from the intercept on the E axis, and the slope of

line is equal to m The value of N, can also be conveniently found from the

slope knowing € and A. Example of Mott-Schottky plot for passive film formed on
stainless steel [79] in Fig. 1.8, and graph explaining how to extract parameters is
presented in Fig. 1.9. Electrochemical determination of these parameters is simple
when energy band edges are pinned at the surface and ac response of space charge
layer capacitance can be separated in frequency range from other interfacial
structures and processes, which is a usual case for stationary ideally polarisable
semiconductor-electrolyte interface. Complications come with surface states and
Faradaic processes that require frequency response analysis by impedance spec-
troscopy for extraction of space charge layer capacitance from the total ac response
[80]. In this case the capacity can be extracted based on analysis of EIS data
employed equivalent circuits containing capacity of double electric layer. The
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Fig. 1.8 An example of _ Mott-Schottky behaviour
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mentioned procedure using Randles equivalent circuit (see Fig. 1.1b) is described in
[81].

As was shown in the case of Ni-based alloy [82], the slopes of straight lines in
Mott-Schootky plots is tightly depended on the measured frequency, the slopes
decrease with decreasing frequency, i.e., the capacitance decreases with increasing
frequency. The source of the frequency dispersion is a matter of debate and various
points of view is provided in this work. The main reason probably consists in
frequency dispersion in Mott-Schottky tests aroused from surface roughness and
inhomogeneous current flow. In some cases [75], the Mott-Schottky plot may show
a wide variation in data with frequency for porous and defective oxide structures
and makes it difficult to choose a frequency value for analysis. It has been rec-
ommended by authors [83, 84] that, a frequency greater than 1 kHz with relatively
higher scan rate can be used to performMott Schottky analysis, where the ionic
conductivity is negligible and the response is only due to electronic conductivity.
The above equation shows a linear dependence between C > and E. However,



1 The Study of Thin Films by Electrochemical Impedance Spectroscopy 23

non-linearity was observed experimentally, which according to Tomkiewicz [85] is
due to oxidation of the electrode itself by holes in the depletion region,
non-homogeneous doping and deep doping levels. Despite the existence of
non-linear behavior, it has been shown that N, and Erp values can be determined
fromthe slope and the intercept of the linear portion.

1.5 The Study of Underpotential Deposition of Metals
by EIS

Underpotential deposition (UPD) is the phenomenon of electrochemical deposition
of typically a monolayer of a metal on a foreign metal substrate at potentials higher
than the reversible Nernst potential E(Me""/Me), i.e. the deposition at “less nega-
tive” potential than that predicted from Nernst equation. In the wider sense, the
UPD is not limited to the deposition of metals on metals; e.g. electrochemical
adsorption of hydrogen atoms on platinum above E(H*/H,) is also an example of
UPD. The essence of the UPD phenomenon is in the surface limited character of the
deposition. The UPD is controlled by the first atomic layer of the deposited material
specific interaction with atoms of a substrate, which determines the intrinsic limit of
the deposited material amount, typically a monolayer. Due to the surface limited
character, the UPD is an efficient instrument for creating atomic layer building
blocks for nanostructured materials assembly [86-91]. The UPD is also an
important stage in the mechanisms of electrodeposition of semiconductor materials,
mainly metal chalcogenides [92]. The difference between the reversible UPD
potential, Eypp (or quasi-reversible potential in the case of irreversible UPD) and E
(Me"*/Me) is called the UPD shift, AEypp. The UPD shift correlates with differ-
ences of work functions of the substrate and the deposited metal in many UPD
processes [93], though the correlation with work functions is not universal [94], e.g.
in UPD of metals on tellurium AEypp shows correlation with free energies of
formation of the corresponding tellurides rather than work function differences [95].
The dependences of the UPD shift on different physical quantities disclose possible
differences in the nature of the interactions that control the underpotential deposi-
tion in different systems.

The surface limited character of the UPD determines the choice of electro-
chemical methods for investigation and monitoring of the underpotential deposi-
tion. The stationary electric current in the UPD is equal to zero, but the
potentiodynamic profiles of the current and few other electrochemical variables
obtained by potential sweep methods are typically very expressive (Fig. 1.10). The
decay of the current at a steady potential under the potentiostatic control may affect
essentially the frequency response acquired in impedance spectroscopy, due to the
following reasons. First, the metal cation concentration profile which controls the
impedance of diffusion decays along with the current. Second, many UPD pro-
cesses are irreversible, i.e. the cathodic deposition and anodic oxidation of the
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adlayer may proceed in different regions of potential, as shown in Fig. 1.10 for
Pb UPD on tellurium. In the irreversible UPD, neither the forward, nor back
reaction can respond to a small perturbation of the potential, when impedance
spectrum is acquired at the steady state after the UPD current decay. So, the
requirement of stationarity in the classical version of impedance spectroscopy
appears to be in conflict with the essential properties of the object. The way out of
this trouble is the same as in the case of voltammetric response acquisition in the
UPD. Instead of measuring stationary frequency response which may lack essential
contribution of the UPD, one can acquire the frequency response in the potential
sweep, keeping in mind that the potential sweep itself causes a low-frequency limit
in the frequency response acquisition [96]. Thus, the optimal solution in the UPD
investigation by alternating current frequency response analysis lies in the use of
potentiodynamic electrochemical impedance spectroscopy [96-98]. The latter is
applicable both to reversible and irreversible UPD processes.

Interestingly, different equivalent electric circuits were derived from analysis of
impedance spectra of reversible and irreversible UPD (Fig. 1.11) [96]. The
equivalent circuit that represents typical reversible UPD processes (Fig. 1.12a)
contains the charge transfer resistance R, adsorption capacitance C, and Warburg
impedance Zyw in the Faradaic branch of the circuit, the latter is connected in
parallel with double layer capacitance Cg and the two parallel branches are
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Fig. 1.10 Potentiodynamic profiles of a electric current i and double layer capacitance Cg;
b Warburg coefficient Ay and charge transfer resistance R, in Pb UPD on tellurium in 6 mM Pb
(NOs3); + 0.1 M HNOs; at potential sweep rate 2.35 mV/s. The insets show equivalent electric
circuits from which the frequency response parameters of the UPD were derived, with the
corresponding elements of the circuit highlighted
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Fig. 1.11 Basic equivalent electric circuits of a reversible, b irreversible UPD, and ¢ the reversible
UPD with anion coadsorption
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altogether connected in series with the active resistance of solution R,. The
equivalent circuit of irreversible UPD contains the same elements except C,
(Fig. 1.11b). The adsorption capacitance, which is characteristic only of the
reversible UPD, results from oscillation of metal adatom coverage at the periodic
perturbation of the potential. The adatom coverage does not oscillate in the absence
of the back reaction; therefore, the irreversible UPD processes of the kind shown in
Fig. 1.10 do not show this parameter.

The most informative parameter of the UPD derived from EIS is the double layer
capacitance. This parameter discloses alterations of the interface status during the
cathodic deposition and anodic oxidation of the adlayer (Fig. 1.10a). The two
parameters of the Faradaic branch of the equivalent circuit, charge transfer resis-
tance R, and Warburg coefficient o, characterize, correspondingly, kinetic and
diffusional contributions to the Faradaic impedance. The inverses of these two
parameters show peaks at the potentials of adlayer deposition and oxidation
(Fig. 1.10b).

In the case of a reversible UPD, the steady state coverage of the adatoms
oscillates with the potential perturbation [99], so both versions of impedance
spectroscopy can give informative frequency response which corresponds to either
circuit a, or circuit ¢ shown in Fig. 1.11. The circuit ¢ characterises the UPD with
coadsorption of anions, such as Bi [98, 99] or Cu [97] UPD on Au. The circuit
¢ was first derived in the analysis of impedance spectra of hydrogen UPD on
platinum [100]. The pseudocapacitances that result from UPD and also from anion
coadsorption, when the latter affects the UPD, can be much higher than the double
layer capacitance; however, their contribution to the total capacitive response of the
electrode is graded by the charge transfer resistance that stands in series with the
corresponding capacitance in the equivalent circuit. The adsorption capacitances
can be also a valuable source of information about the UPD. Figure 1.12 shows the
variation of the adsorption capacitance of lead UPD on gold in the cyclic scan and
also the cyclic voltammograms of Pb UPD on bare gold and gold electrode covered
with atomic layer of selenium [101]. The sharp peak in C,(E) plot in Fig. 1.12b
discloses the phase transition in Pb monolayer in the final stage of UPD. This
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Fig. 1.12 a Cyclic voltammograms of bare Au electrode (dotted) and Au electrode coated with
selenium atomic layer (solid) in 1 mM Pb(ClOy), + 0.1 M HCIO4 and b the variation of lead
adsorption pseudocapacitance in the cyclic scan that corresponds to the dotted line in a
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element disappeared from the equivalent circuit of Pb UPD, after the gold electrode
was covered electrochemically with atomic layer of selenium, which was due to the
transition from reversible to irreversible UPD (see Fig. 1.12a).

Thus, impedance spectroscopy can be a very informative source of information
about underpotential deposition when it is applied adequately with the account of
the surface limited character of the UPD processes.

1.6 Characterization of Organic Films onto Metals by EIS

The base purpose of protective organic films is to prevent the corrosion of metal
structures. New films are developed that could be more successfully resist the
versatile aggressive environments to which metals are exposed during processing.
In order to assist the development and characterization of new films formulations,
the early evaluation of their performance is of greatest importance. This evaluation
is possible by using electrochemical impedance spectroscopy (EIS).

The first works on the EIS characterization of organic films were published by
Epelboin et al. [102] and Mansfield et al. [103], and it also suggested a general
model of an equivalent electrical circuit from which a large number of other models
can be derived. This circuit is composed of the electrolyte resistance, followed by a
capacitance (coating capacitance C) in parallel with a resistance (the coating or pore
resistance) and finally an element Z which represents the electrochemical impe-
dance Z of the process at the metal interface. One of the simplest circuit describing
Z is composed of a capacitance, which represents the double electric layer capac-
itance in parallel with a resistance representing charge transfer resistance, which
describes the electrochemical reaction under activation control (Fig. 1.1c). This
model “as is” (Fig. 1.1c) and with some modifications still is very popular and
useful to investigate various systems containing organic films on the metallic sur-
face, such as conducting polypyrrole film on Pt [104], fluor-polymer and oligomer
coated steel [105-107], industrial lubricants on stainless steel [108], organic films
and corrosion inhibitors [109-114].

One of the examples of such films can be used of organic films for steel pro-
tection. Interesting cases in this view presents the use of different “films-paints”
[114-116]. Thus, research by EIS of the corrosion resistance of a water-based paint
system applied on carbon steel is well documented [115, 116]. Epoxy-polyamine,
epoxy-amine and epoxy-acrylic resins as primer films, and acrylic-polyurethane and
acrylic paints as top films, were investigated both in single layer and double-layer
applications. The best protection was provided by the epoxy-amine resin, whereas
acrylic-polyurethane exhibited the poorest characteristics and signs of corrosion
could be observed since the initial moments of immersion onwards. Even more
efficient protection against corrosion can be provided by the acrylic polymer con-
taining zinc phosphate pigments when it was applied as a multilayer system. In this
way, the high density of pores produced in the polymer matrix during the curing
process could be avoided to become direct ionic pathways for the transport of
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aggressive species from the environment towards the surface of the underlying
metal substrate [116].

Another case is use of oil lubricant films for steel protection. Fully formulated
lubricant or organic films can be viewed as a non-aqueous colloidal polymeric
system with low, primarily ionic electrical conductivity. Typical lubricating oil is
composed of a combination of mineral or synthetic base oils and specialized
additives designed to improve long-term stability and enhanced performance in
aggressive environments. The dipolar nature of components of the lubricant permits
investigation of their properties using electrochemical impedance spectroscopy. EIS
presents an opportunity to resolve a complicated non-aqueous colloidal system both
spatially and chemically, and to analyze specific parts of that system based on
relaxation frequencies using small potential (5—10 mV) for the excitation of elec-
trochemical activity of the system metal/coated film/solution. The final purpose of
the EIS characterization of the protected organic coatings is to obtain information
about the system properties such as presence of defects in films, reactivity of the
interface, adhesion, barrier properties [113, 117].

Thus, one of the “oil films” which will be described here is barrier properties of
the films of mineral oil SAE 10 with antioxidant as well as contained Fe particles
were investigated [113]. The 3 cases of steel corrosion were investigated: (a) the
steel corrosion without lubricant; (b) and (c)—oil film with and without suspended
Fe particles, respectively. The oil film was formed on the active area of steel rod by
dropping of fixed amount (5 pl) of oil. Such amount of oil allows forming of oil film
with thickness 200-250 um. As corrosive media for such kind of measurements
usually NaCl solution is used.

The value of open circuit potential (OCP) is a parameter determined by the rates
of cathodic reaction and anodic reaction of a corroding device. In the studying case,
the cathodic reaction is hydrogen evolution reaction, and the anodic reaction is the
active electrolytic dissolution of metal [118]. At the open circuit potential, the rates
of these reactions are equal. The rates of both reactions depend on the corrosion
media, chemical composition of electrode material. Furthermore, the hydrogen
evolution reaction depends on the state of the surface. If oil film does not participate
in any chemical interaction with steel, the OCP values should be close to each other
both in the presence and absence of oil film. The data presented in Fig. 1.13 confirm
this statement as settled values of OCP are in the range of ~50-70 mV. The more
positive values of OCP obtained for steel covered by film containing iron particles
might be caused by contacting Fe particles whose surfaces are partially oxidized
due to high specific area and activity. The OCP of oxidized entirely or in part
surface is more positive than that for metallic surfaces. EIS is particularly well
suited to evaluating corrosion behavior and insulator film characterization of
materials whose surfaces have been coated with isolator films, because the EIS
method in contrary to voltammetry is non-destructive method.

In Fig. 1.13 also Nyquist plots are presented for variously modified electrodes by
oil films. To interpret data and physical meanings of the studied electrochemical
system the equivalent circuit shown in Fig. 1.1c was used. This model is used in
consideration that isolator film builds always on the metal surface in a corrosive



28 H. Cesiulis et al.

OCP/V

0 300 600 900 1200
immersion time / sec

Fig. 1.13 OCP versus time in 0.5 M NaCl solution and Nyquist plots of modified electrodes (inset
figure). In both figures: /—bare steel electrode; 2—steel covered with mineral oil film; 3—steel
covered with mineral oil + 0.1 % Fe film. Inset figure points—experimental data, solid lines—
fitting results using equivalent circuit shown in Fig. 1.1c with values of elements presented in
Table 1.1 and physical meaning as in [113])

environment. Thus, an equivalent circuit model for the metal-film-solution interface
requires inclusion of the film parameters: R1 = R,,;, C1 = CPEgy,, R2 = Rpgres,
C2 = CPE, R3 = R_,,,, resistor, R,,;, is the bulk solution resistance [113]. This
equivalent circuit is often used to interpret data obtained for metallic electrode
coated by various organic films [110-113, 118-121]. The film resistor, R, s, has
been interpreted as the film resistance due to the electrolyte penetration through the
porous film formed by fluor-oligomer. The film capacitor, CPEj,,, has been
interpreted as the capacitance of the electric capacitor consisting of film and the
solution inside. R, is the charge transfer resistance for the electrochemical
reactions and in this case has a meaning of corrosion resistance. CPE in the real
system is attributed to the non-ideal double layer capacitance separating the
metal-electrolyte interface.

Resistances are more useful values to evaluate the corrosion behavior because
charge transfer resistance (R,,,,) which is inversely related to corrosion rate. As it
follows from the data presented in Table 1.1, corrosion resistance is higher in the
presence of oil (~2 times) and Fe particles in oil (~3 times). The film resistor
Ry,0res also is higher in the presence of oil films. The effectiveness of inhibition (/E)
can be calculated from the values of charge transfer (corrosion) resistance by [113,
118]:

film Rbare

IE:W- 100 %, (1.26)

corr

where: R is the charge transfer resistance in test with oil film; R® is the charge

corr corr

transfer resistance for bare electrode.
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Table 1.1 Values of elements used to fit experimental data with equivalent circuit shown in
Fig. 1.1c

Element Bare steel | Steel covered with mineral | Steel covered with mineral
oil film oil + 0.1 % Fe film

Ry, Qcm’® | 3.84 4.97 428

Riyoress @ cm” | 63.99 278.6 490.4

Reors Q cm? | 1263 2683 3394

CPEs,, WE | 19.40 21.35 34.92

cm n=061 |n=0.700 n =063

CPE, \F 53.20 15.20 21.24

cm? n=0815 |n=0724 n= 0725

The IE in the 0.5 M NaCl of mineral oil film on steel is 53 %, and of mineral oil
film containing Fe particles is 62 %. These results means that oil films are moderate
corrosion inhibitors.

1.7 Electrochemical Impedance Spectroscopy
(EIS) in Development of Biosensors and Biofuel Cells

EIS is has been successfully applied for the characterization of biosensing surfaces
[122] and/or in evaluation of bioanalytical signals generated by biosensors [104].

Electrochemical biosensors could be divided into two principally different
classes: (i) catalytic (which are mostly based on enzymatic catalysis) biosensors
[123] and (ii) affinity sensors [124]. The application of EIS in both types of
biosensors is significantly different, because in the most of enzymatic sensors
variations that can be detected by EIS are mostly accumulated in bulk solution in
the form of changing concentrations of reactants and/or reaction products, at the
same time the changes on the enzyme-modified electrode are mostly not well
detectable by EIS, therefore here other some electrochemical methods such as
constant potential amperometry [125] or cyclic voltammetry are applied [126]. In
this respect EIS is mostly applied during the formation of enzymatic and other
materials based sub-layers, which are essential for function of the sensor, e.g. in our
recent researches we have shown that EIS could be successfully applied for the
evaluation of separateed multilayers in glucose sensors based on multi-layered
structure [127, 128]. The EIS is mostly used in order to determine the double
electric layer capacity and resistance of various modifiers, which carry the charge
from electrolyte to electrode and also for the estimation of ion diffusion in solution
towards the studied electrode [129]. Because of these abilities the EIS provides
detailed information on some electrochemical characteristics of the electrochemical
system. During our preliminary evaluation of 1,10-phenanthroline-5,6-dione and
glucose oxidase modified electrode basic Rq(RACa) circuit was applied [128],
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however the circuit well fitted with experimental results only in very narrow fre-
quency range from 1390 Hz to 14.37 mHz. Therefore, the aim of advanced research
was advanced EIS-based evaluation of 1,10-phenanthroline-5,6-dione and glucose
oxidase deposited on graphite electrodes, in order to adjust most suitable equivalent
circuit, which is describing this electrochemical system [127]. It was determined
that equivalent circuit Ro(Rp,C>)(C[RgW]) most optimally describes this electro-
chemical system.

There are also some other studies on the application of EIS for the characteri-
zation of enzyme-modified surfaces [130]. Some other researches illustrated that
EIS could be applied in glucose concentration measurements based on
bio-electrochemical systems on GOx-modified electrodes [131].

Very different situation is observed in affinity sensors, because during the
application of these sensors there are almost no observable changes in bulk solu-
tion, which could be easily detected by EIS. But differently from enzymatic
biosensors in affinity sensors changes on electrode surface are very different since
affinity sensors are not able to generate constant flow of electrons or significantly
change the concentration of redox compound, therefore analytical signal in affinity
sensors can be only indirectly detected by constant potential amperometry, e.g. such
detection is possible when secondary antibodies labelled by horseradish peroxidase
are applied [132]. However, surface changes in affinity sensors are significant
therefore they could be determined and relatively well evaluated by various
potentiodymic methods, such as cyclic voltammetry [133, 134], differential pulse
voltammetry [134], square wave voltammetry [135], pulsed amperometric detection
[136] and EIS techniques [134]. We have demonstrated that among here mentioned
techniques EIS is providing the most useful set of data, which is required for the
evaluation of analytical signal [134]. The EIS is based on electrochemical response
of a system towards perturbations applied at different frequencies [104]. Using
other electrochemical methods, such as amperometry or potentiometry there is
always a problem of the measured system being non-linear because of changing
electrochemical conditions, due to relatively high variation of electric current or
voltage, and in this way influencing measured results. In potentiostatic EIS, which
is based on constant electrode polarization voltage, a small sinusoidal perturbation
of potential is usually applied. The amplitude of such perturbation usually is in the
range of 5-20 mV. Such perturbation does not disturb the system’s linearity and in
this way it enables to acquire results, which are also linear in time and suitable for
further analysis [129, 130]. Hence the EIS is one of the most informative out of
many recently available electrochemical methods in development of affinity sensors
and biosensors [135].

Especially well the EIS is applied in the sensors based on electrodes modified by
semiconducting polymer based layers [137]. Especially well EIS is suitable for
affinity sensors based on molecularly imprinted conducting polymers (MIPs) such
as polypyrrole, which could be imprinted by low molecular mass molecules such as
theophylline [138], caffeine [139, 140] or by large molecules such as proteins [141]
and even DNA [142]. In a number of our research we have demonstrated that the
EIS is the most efficient electrochemical signal detection technique in sensors where
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here mentioned MIPs [138, 139, 142] or some other affinity towards analyte
exhibiting structures are applied for creation of affinity sensors [143]. If correct
equivalent circuit is applied the EIS has advantages over other electrochemical
methods, (e.g. pulsed amperometric detection [136]).

It should be noted that conventional EIS based techniques represents only
averaged response of the entire electrochemical system. Therefore, if advanced
evaluation of affinity sensor signals is required during various stages of creation of
affinity sensors [122, 139, 143, 144]. In such investigations combination of EIS
with quartz crystal microbalances [139, 144], surface plasmon resonance [145],
scanning electrochemical microscopy [122] and other techniques are applied.

In order to get more advanced mapping of electrochemical system the EIS could
be merged with scanning electrochemical microscopy (SECM) this marged tech-
nique is named scanning electrochemical impedance spectroscopy (SEIM).
In SEIM based technique localized impedance measurements could be performed in
the range of frequencies when the surface of interest is scanned by ultramicro-
electrode (UME) [122]. Dependingly on requerments the result of SEIM could be
visualized by mapping one of calculated parameters, e.g. charge transfer resistance
or double layer capacitance as a function of 3D coordinates [146, 147]. It was
demonstrated that the combination of SECM and EIS is providing information
about local corrosion phenomena, which could help to identify the location of
defects induced by corrosion [147]. In addition, comparison of conventional EIS
with localized EIS was done during the investigation of degradation of polyester
coil-coated galvanized steel [148] and in the evaluation of the degradation of some
coatings, which were based on deposited organic compounds or polymeric layers
[149, 150].

During the development of enzymatic biosensors, it was demonstrated that the
glucose oxidase (GOx) based biosensor surfaces could be sucessfully analyzed by
merged scanning electrochemical microscopy (SECM) and EIS techniques [122].
This advancement of SECM by EIS could provide additional electrochemical
information on electrochemical properties and concentrations gradients of electro-
chemically active and even not active materials in selected 3D volume of solution
[122]. Such EIS data based information could be very atractive in the evaluation of
biofuel cell efficiency [151] and in the modelling of biosensor action [152] because
it is hardly available by other electrochemical methods.

The evaluation of enzymatic reaction intensity could be estimated by conven-
tional SECM techniques [153, 154]. However, in conventional SECM the most
commonly used electrochemical method is based on faradaic response when fixed
potential is applied to the UME in order to register the concentration of electro-
chemically active enzymatic reaction products [155, 156]. Moreover, it should be
noted, that the potential applied to the electrode drives the electrochemical system
far from the equilibrium, and then the response to this perturbation is observed as
disturbing signal. In order to avoid this problem, the applicability of technique
based on SECM in which the UME is modulated by selected frequency alternating
current (AC-SECM) can be applied. The AC-SECM based technique also allows to
study local corrosion processes in the entire solution volume without any redox
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mediator [157]. Using AC-SECM method the approach curves were recorded at
several different frequencies and they demonstrated negative feedback behavior
while the UME was approaching an insulating surface [158]. This phenomenon is
similar to that observed in faradaic SECM based methods, however, different
approach curves were observed when different frequencies were applied [159]. In
order to advance this technique, the entire electrochemical impedance spectra can
be registered at every measurement point and then the electrochemical system can
be evaluated using the most suitable and informative equivalent circuits. This
technique is called scanning electrochemical impedance microscopy (SEIM). In the
case of SEIM conventional approach curves, which represent ohmic resistance
and/or other equivalent circuit parameters vs distance are plotted. The concept of
SEIM was described recently in the evaluation of localized corrosion processes by
Schuhmann’s group [147, 160]. When SEIM was applied for localized evaluation
of corrosion processes the sample was minimally influenced by UME, which was
applied as a scanning probe, and it was demonstrated that domains, which have
different electrochemical properties, could be easily distinguished by SEIM even if
they have similar topography and/or morphology [147]. In another research,
impedance dependence on UME distance from insulating sample was revealed at
feedback mode SEIM [161]. The spherical diffusion, which has most significant
influence far from insulating surface, was evaluated by Cole-Cole impedance
evaluation method, and the radial diffusion, which has most significant influence
when the UME is approaching insulating surface, was evaluated by Cole-Davidson
impedance evaluation method. It was determined that the low-frequency part of the
EIS in a thin-layer between UME and surface of interest is controlled by both above
mentioned types of diffusion. Moreover, it was also demonstrated that the SEIM in
feedback mode is suitable for constant-height based imaging. When SEIM was
acting in feedback mode the local information on both topography and surface
reactivity was obtained from the simultaneous analysis of the current and
electrolyte-resistance variations [162]. Fundamental aspects of SEIM were inves-
tigated comparing UME responses while it was approaching to different surfaces
e.g.: (i) insulator surface, (ii) conducting surface not-connected to electric circuit,
and (iii) conducting surface, which was connected to electric circuit and was held at
constant potential [163]. By this research it has been shown that the admittance of
the UME located at relatively small distance from the surface of interest mostly
depends on the distance between UME and the surface and on interfacial properties
of the surface. Therefore, the SEIM based imaging is informative even without any
redox mediators. When AC-SECM and SECM methods are compared, it should be
noted that the AC-SECM is performed at single frequency, while the SEIM is
performed in broad range of frequencies what enables to select the most suitable
equivalent circuit and to calculate number of EIS parameters. Therefore, parame-
ters, which are derived from SEIM evaluations, better describe an electrochemical
system than the parameters that are derived from AC-SECM data. We believe that
the SEIM could be suitable for the investigation of biosensor and biofuel cell
surfaces in order to evaluate localized activity of immobilized enzymes and/or to
perform advanced evaluation of the diffusion of enzymatic reaction products.
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Some researches were based on the EIS application for the evaluation of
enzymatic reaction when the enzymes were immobilized on surfaces of electrodes
[127, 128]. In addition, it was determined that conventional SECM is very suitable
for the investigation of enzyme-modified insulating surfaces while applying con-
stant potential to UME [153-156]. Therefore, by the assumption of previous
achievements we have expected that it is possible to merge the EIS technique with
SECM in order to get efficient SEIM system, which will be suitable for the eval-
uation of enzyme-modified surfaces [122]. The main aim of here mentioned
research was to merge EIS with SECM into efficient SEIM system and, using
developed SEIM for the investigation of solution conductivity at different positions,
to demonstrate the suitability of SEIM for the evaluation of reaction product dif-
fusion from enzyme-modified surface in real time [22]. The working electrode in
this research applied SEIM equipment was an UME. This electrode was scanning in
all three directions and therefore it was applied for the investigation of selected 3D
space of solution. The obtained data were analyzed using randles equivalent circuit.
Actually the SEIM is used more rarely, than the AC-SECM, because scanning at
one desired frequency takes less time. But the advantage of SEIM is that the EIS
measurements are performed in wide range of frequencies at each point of the UME
position. Such measurements allow to evaluate the response of the electrochemical
system, to develop 3D model of the system, also to determine the most suitable
equivalent circuit and their parameters, which in the most optimal way to describe
the system [125]. What is the most important, such measurements allow to find the
values of equivalent circuit parameters in selected volume of the electrochemical
cell. Reaction products, which affect solution’s conductivity, diffuse from the active
sites of GOx-modified surface into the solution; therefore, the SEIM with moving
UME is one of the best choice to study the diffusion of formed reaction products in
selected volume of electrochemical cell. Due to the fact that the EIS measurements
take a long time, the conductivity changes in time were also evaluated and this issue
was taken into account.

Another alternative technique, which is used for the determination of localized
EIS data, is an impedance imaging combined with atomic force scanning electro-
chemical microscopy (AFM-SECM) [164]. In this technique the AFM-based
topography and alternating current SECM (AC-SECM) based signals are recorded
simultaneously with ring-shaped microelectrode, which is integrated on the AFM
probe. In one AC-SECM-based research structured glass/gold substrate was eval-
uated by such advanced AFM probe and significant increase of current was reg-
istered when the probe was placed over spots consisting of gold [164].

However, according to our best knowledge, up to now complex research in the
area of application of EIS for the investigation of biosensors and biofuel cells is still
missing. Therefore, despite of high number of researches based on various EIS
applications in biosensorics and biofuel cell development, further developments in
these areas are required especially in those directions where the combination with
other surface characterization techniques is leading towards advanced phenomena
of complex interactions between biomolecules and modified electrode.
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1.8 Conclusions

1. Electrochemical impedance spectroscopy (EIS) is a recent and powerful tool in
corrosion and solid state laboratories. The basics of EIS and data presentation
formats (Nyquist, Cole-Cole, Bode) are described and discussed.

2. The described interpretation of EIS data is built upon equivalent circuit.
Regardless the variety of electrode processes its contain the similar stages and
comprises similar processes such as formation of double electric layer, the
presence of ohmic resistance, charge transfer resistance of electrochemical
reaction, and etc. Therefore, the same equivalent circuits but with some special
physical meaning of passive elements of equivalent circuit can simulate the
various processes occurred on the electrode, such as cathodic metals/alloys films
deposition; anodization of metals, under potential deposition of metals; char-
acterization of organic films onto metals, application in development of
biosensors and biofuel cells. With the equations of the model it is then possible
to calculate the electrochemical impedance as a function of frequency and check
conformity experimental data to theoretical model using commercial software.

3. Combining study by scanning electrochemical microscopy and EIS could be
very attractive in order to evaluate the biofuel cell efficiency and in the modeling
of biosensor action as it is unavailable to obtain by other convenient electro-
chemical methods.
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